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1 Introduction agitation geometry on the robotic formulator includes a single stage pitched blade turbine, amixer elements, there are dip in temperature and pH sensors are present on the module lid. 102
This mixer assembly was designed with a wide range of product rheologies and processing 103 requirements in mind, while still allowing the geometry to be easily cleaned in between 104 investigated formulations. 105
For the purposes of optimisation of the robotic formulator through formulation cycle time 106 reduction as well as to improve the mixing performance in more challenging formulations 107 (e.g., high viscosity and non-Newtonian liquids) several modifications have been 108 investigated, predominately aimed at optimisation of turbine and anchor geometries. For 109 the purposes of this study the focus is solely on the modifications to the anchor-scraper, 110
where the inspiration for the modifications of the simple two arm anchor has come from 111 the popular helical ribbon mixers which have been shown to provide enhanced mixing in 112 fluids exhibiting a wide range of rheological properties. 113
All design modifications are assessed using the purpose built stand-alone mixing unit, which 114 replicates all the design features of the robotic mixer platform, but the speed and runtime 115 of the mixer is controlled manually, as opposed to via a pre-set programme. In addition, the 116 anchor shaft has been modified with a quick-release clasp, allowing to swap out mixer 117 geometries without interfering with the rest of the machine. Furthermore, the lid lowering 118 mechanism on the stand-alone rig ensured that the geometry is brought into the same 119 position with respect to the sample pot, with a consistent immersion level and orientation. 
1
The fluid behaviour was based on the above model, by solving the Navier-Stokes equations 147 numerically using the widely used SIMPLE algorithm (Ferziger and Perić, 2002) , assuming 148 laminar flow. 149 
151
The simulation was set to run for a finite number of time steps, corresponding to 10 minutes 152 of the mixer running in real time, at the end of which the homogeneity of the system was 153 assessed. For these simulations, all the elements of the mixer assembly were present, to 154 allow for the assessment of any dead-zones caused by the presence of obstructions, such as 155 the pH meter. However, only the anchor assembly was providing the mixing duty, with the 156 high shear homogeniser and the turbine impeller present in the system, but static. 157
To assess the mixing performance of each anchor design tracers were introduced into the 158 simulation, where the tracer is modelled as a liquid with the same properties as the bulk, 159 but is tagged with a different concentration parameter, similar to injecting a liquid 160 containing a dye into the bulk. Homogeneity describes the distribution of this tracer in a 161 vessel volume, where if the tracer is distributed equally, the resulting number is 1, while 162 homogeneity of less than 1 implies some local concentration gradients, with lower numbers 163 indicating an increasingly poorly mixed system, as calculated using Equation 2. 
where ̅ is the volume average of , is the value for the selected scalar in a cell and is 165 the cell volume. 166
As part of the study the torque response of the mixer was also modelled and was used as a 167 metric of the size of the geometry, it can be defined as the mass resistance to mixing, and 168 for the case of the same fluid used larger designs can be expected to exhibit higher 169 resistance and result in a higher torque response, due to the increase in the surface area 170 normal to the direction of motion of the anchor (Ameur, 2016; Kuhs et al., 2017) . As the 171 final optimised design was due to be installed on an automated formulation platform which 172 is also self-cleaning using a spray down approach, it is crucial to keep the complexity of the 173 anchor-helix assembly low, as a bulkier design could be more challenging to clean and 174 additionally impede the cleaning of the instruments contained within the assembly (e.g., pH 175 meter or high shear mixer). Therefore, for this application it is desirable to keep the torque 176 low, while maximising the homogeneity of the system at the end of the mixing operation. 177
The torque response was calculated based on the forces exerted on the surfaces due to 178 shear and pressure in the system, where the total force on a surface is computed as follows 179
Where F (N) and F ℎ (N) are pressure and shear forces on the surface face, 180 respectively, and f is the surface face and n f are a user specified direction in which to 181 compute the force.
The force that the fluid exerts on the surface, the pressure force vector (F ), is 183 computed as follows 184
Where is the face static pressure (Pa) and is the face area vector (m 2 ) 185
While the shear force exerted on the surface by the fluid, the shear force vector ( The Siemens HEEDS optimisation package was used to analyse the outputs of the STAR-210 CCM+ simulations and inform design changes based on the defined constraints. As 211 mentioned previously, the goal was to arrive at the anchor/ribbon design which would 212 maximise the mixing in the system, while keeping the size of the agitator simple, to easecleaning. Therefore, the optimisation package was set to maximise homogeneity and while 214 reducing the torque response, with the schematic of the optimisation loop illustrated in 215 It must be noted, that due to the number of design features which are being varied during 220 this study it is possible that more than one design can achieve the desired combination of 221 low torque and high mixing performance. 222 223 During the selective laser sintering (SLS) process, small grains of the material are fused 241 together using a laser before a new layer of granular material is deposited on top of the 242 existing structure and process is repeated. SLS is limited to which plastics can be used with 243 the technique, with ABS being one of the most common ones. It is recognised that ABS does 244 not provide the same physical properties as stainless steel which was used for the CFD, 245
however, due to the rigidity of the plastic this was not thought to have had an effect on the 246 mixing performance. The effects of using a different construction material could,nevertheless, influence the power draw of the mixer, due to the differences in density and 248 surface roughness between the two materials. Despite these differences, it was concluded 249 that when conducting the torque validation using ABS parts, the trends between the 250 experimental and the CFD values are expected to be consistent, while the actual values may 251 differ due to the construction material. 252
Torque validation 253
Using the stand alone mixing module it was possible to carry out the torque validation using 254 a direct measurement obtained from the torque meter (E200 ORT, Sensor Technologies, UK) 255 attached to the anchor motor, capable of measuring the torque response in the range of 0 -256 200 mN.m with 0.5% accuracy, as defined by the manufacturer. The sensor can operate at a 257 higher torque range, of up to 600 mN.m, where within this range the accuracy can be 258 reduced, however, this allows to accommodate the wide range of geometry designs, 259 including more complex geometries which result in higher torque response. 260
For torque validation studies, basic commercially available shampoo formulations were 261 used, with a known viscosity of 10 Pa.s at 25 o C, the same as the viscosity of the fluids in the 262 CFD optimisation study. The temperature of the shampoo was maintained at the desired 263 level by immersing the sample pot into a jacketed vessel connected to a temperature 264 controlled bath circulator (Thermo Scientific, UK). Each sample pot was filled with 780 g of 265 the shampoo, which corresponds to the fill level of 800 ml, which is recommended for the 266 mixing module used and is the same as the fill level used in the CFD simulation. To 267 reproduce the conditions of the model, all the elements of the mixer assembly were present 268 in the system during validation (e.g., temperature probe).
For the torque acquisition step, the mixer assembly was lowered into the pot containing the 270 shampoo and the motor was set to run at 20 rmp, the same rotational speed as that used in 271 the CFD. The torque response was recorded every 0.1 s and each trial ran for 5 minutes. 272
The acquired torque data was analysed, where the first minute of the measurement was 273 discarded, as during this time the readings could be affected by any air trapped in the 274 system when the mixer was lowered in. The remaining data was averaged to provide the 275 value of the torque response of the mixer, the standard deviation of the results was also 276 found, addressing the level of noise in the data. 277
Mixing validation 278
The validation of the mixing performance of the different anchor/ribbon designs was carried 279 out using Electrical Resistance Tomography (ERT), where a conductive tracer, in this case a 280 25% (w/w) NaCl solution, was added to the system and the local changes in conductivity 281 
300
The adjacent measurement approach was used, where a fixed current is injected between 301 two adjacent electrodes and voltage is measured across all remaining adjacent electrode 302 pairs, resulting in a total of 520 independent voltage measurements per current injection. 303
The resulting data was processed using the Electrical Impedance Tomography and Diffusion 304 
343
It can also be noted that designs 19 and 43 are almost identical, with design 43 having an 344 additional anchor arm, compared to design 19, with no other differences in anchor height, 345 helix or auger screw properties. However, both the homogeneity and the torque responseof the two designs are quite different, which cannot be explained by the geometrical 347 differences between the two designs alone, and can expected to not be consistent with the 348 experimental validation set. Both these designs represent the extremes of the experimental 349 space, as these have most the parameters set to maximum, with the largest Auger screw, 350 the maximum number of helical ribbon elements and the maximum number of turns of the 351 helical ribbon, as well as the maximum number of anchor arms (4) analysis can provide quantitative insight into these effects. Therefore, least squares analysis 363 was applied to model the effects of the mixer design parameters on the torque and 364 homogeneity results of the 100 designs modelled, using JMP analytical package (SAS 365 Institute Inc.). Firstly, to test for outliers the residuals of the model were considered, as 366 shown in Figure 8(a) , where for homogeneity, any design with a residual of ±0.3 was 367 excluded from future analysis (Couturier et al., 2016) . For the torque residuals, a similar 368 procedure was performed, leading to excluding two designs, both with the residuals of over-0.05 N.m, which can clearly be seen in Figure 8 (b) . These outliers included mixer design 43, 370 which was suspected to be an outlier based on the inconsistency in results between designs 371 43 and 19. A total of 4 outliers were removed using this approach, which were further 372 discovered to have poor correlation with experimental results, during validation. 373 a b 
374
It can be expected that the torque response of the mixer will be directly correlated with the 375 surface area of the mixer normal to the liquid, i.e. displacing the liquid during motion. This is 376 confirmed by least square analysis where the variables defining torque are the anchor and 377 the helical mixer areas. As can be seen from Figure 9 (a) the model based on these variables 378 provides an acceptable fit between actual (CFD) and predicted (least squares) values, with 379 the corresponding p-test values for both parameters lying well within the significant range. 380
However, the quality of fit suggests that additional parameters, or level of granularity might 381 be necessary to predict the torque response better. It can be further seen from Figure 9 
389
Based on the conclusions from the surface area models shown previously, homogeneity and 390 torque models were created using the discrete mixer design features, such as helix height 391 and number of turns, for example. and only direct correlations of parameters considered,i.e. no combination effects were included, and neither were non-linear correlations. Figure  393 10 illustrates least squares models for the homogeneity (a) and torque response (b), where 394 the x axis corresponds to the output of the least squares model, while the y axis 395 corresponds to the results obtained using CFD. 396
Both least squares models provide correlations with high R 2 values, 0.97 for both 397 homogeneity and torque, and a low residual mean square error, 0.0545 and 0.0069 398 respectively, suggesting that not only a strong correlation between the CFD data and the 399 statistical model, but also low deviation from the identity line for individual points on the 400
plot. 401
When looking at the individual effects of the different terms on the expression 402 characterising homogeneity several terms can be identified as statistically significant, as can 403 be seen in Table 2 . Based on the p-test values, shown in the 5 th column of the table, it can 404 be concluded that the height of the anchor/mixer assembly, width of the helix and the 405 number of helix turns are all significant factors, while the width of the screw, the number of 406 anchor arms and the thickness of the helix are borderline. The coefficient is the highest for 407 the anchor height, suggesting variations that that design parameter would have the greatest 408 effect on the mixing efficiency. The remaining significant terms have relatively small 409 coefficients, suggesting any changes to those design features would not affect the 410 performance of the mixer as much. Therefore, in order to improve mixing the height of the 411 mixer is to be maximised, while the central screw does not provide any mixing benefit. It can 412 also be noted that the width of the anchor does not appear to have a significant impact, and 413 in fact, reducing the number of anchor arms has a positive effect on the mixture 414 helical ribbon, but does not significantly contribute to mixing. Based on the above, it can be 416 concluded that the thickness of the anchor as well as the number of arms should be 417 minimised, whenever possible. However, caution is advised, as based on the CFD data the 418 designs providing the best torque/homogeneity outputs could have anchors too thin to 419 ensure structural integrity, or insufficient anchor arms to support the helix effectively, e.g. 1 420
anchor arm in some designs. Similarly, the coefficients defining the significance of the parameters for the torque 428 response are shown in Table 3 . Here the significant parameters are the number of anchor 429 arms, the width of the helix, the number of helix turns and the height of the anchor/helix 430 mixer assembly, with the central screw width being borderline and the remaining terms are 431 not significant. This is to be expected, as all of the significant terms can be linked to 432 substantially changing the size of the mixer, and therefore affecting the torquemeasurement. Ideally, to achieve the best design within the desired parameters, the height 434 of the mixer assembly is to be kept at a maximum height which does not introduce aeration, 435 while all the remaining parameters which increase torque should be minimised wherever 436 possible. 437 
424

Mixing 476
Mixing was validated using ERT, where a conductive tracer was added to the bulk of less 477 conductive liquid and the conductivity across the volume of the vessel was recorded over 478 time, until homogeneity was reached. As the homogeneity of the mixture in the CFD 479 predicted results was measured at the end of the simulation, as opposed to continuously 480 over time, it cannot be directly compared with the mixing times required to achieve a fully 481 mixed system, which is calculated using ERT. However, it is still possible to draw parallels 482 at low mixing times, as no differentiation can be made between designs which completed 485 the mixing process at the end of the simulation run. However, as the CFD predicted 486 homogeneity at the end of simulation allotted time declines the experimental time required 487 to achieve a fully homogeneous mixture can be observed to increase, illustrating that it 488 takes longer to achieve a homogeneous mixture for the mixer designs which perform 489 poorly. 490
Here design 43 appears to be an outlier, as the actual mixing time required to achieve a fully 491 mixed system using this design is lower than that predicted using the model, however, this 492 design was excluded from the least squares model based on the model residuals, and is 493 therefore expected to perform out of line with the other designs. 494 the mixing performance of each design, which were validated experimentally, using a stand-504 alone module of a high throughput platform formulator, equipped with a torque sensor and 505 an ERT conductivity measurement system. 506
The outputs of the model were analysed by fitting the data to a standard least squares 507 model, identifying several outliers and defining the key characteristics of the mixer designs 508 which affect mixing and torque. It is desirable to reduce torque while increasing mixing 509 efficiency, both from a power efficiency perspective and in order to ensure ease of cleaning. 510
It was found that the height of the mixer assembly is the key driver to the mixers 511 performance, however, the anchor itself does not contribute to improving mixing, with the 512 helical ribbon features, such as width and number of turns playing a significant role in 513 achieving a highly homogeneous mixture. In addition, it was determined that the central 514
Auger screw does not have a statistically significant effect on mixing. 515
In turn, torque was determined to be highly dependent on the height of the mixer assembly, 516 the number of mixer arms, the number of helix turns and the width of the helix, where all 517 these parameters also significantly influence the size of the mixer, which in turns is directly 518 linked to increased torque in real systems. 519
It is can therefore be advised to maximise the height of the mixer whenever practical, while 520 reducing the size of the other design features. 521
The use of CFD for the estimation of the effect of different mixer design features on the two 522 key parameters, torque and mixing performance, has been shown to be an effective 523 approach for rapid optimisation of a mixer design for a given set of constraints. 524
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